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INTRODUCTION
Cellular responses to extracellular stimuli often entail alterations in transcriptional programs that are mediated by target transcription factors. Ste12 is one such transcription factor that directly regulates two different developmental gene expression programs in S. cerevisiae.
One is required for the transition to a mating-competent state upon exposure of haploid cells of one cell-type to mating pheromone from the opposite cell-type (7, 57) . The other occurs in response to certain starvation conditions and is required for the transition to a filamentous form, which occurs during pseudohyphal growth in diploid cells and invasive growth in haploid cells (6, 41) . Because of this dual function, studies focused on Ste12 are expected to provide insights into regulatory mechanisms that impart biological specificity.
Combinatorial use of transcription factors distinguishes mating specific genes (MSGs) from filamentation specific genes (FSGs) (Fig 1) . Ste12 activates the promoters of mating specific genes either as a homo-multimer by binding at reiterated pheromone response elements (PREs) or as a heterodimer with Mcm1 by binding to PREs that are adjacent to a P-box site (21, 26, 54) . By contrast, Ste12 activates the promoters of some filamentation specific genes as a heterodimer with Tec1 (4, 40) . The heterodimer can act either through binding at Tec1 consensus-binding sites (TCS) or at filamentation response elements (FREs), which are comprised of a PRE and an adjacent TCS element. In the former configuration the Ste12-Tec1 heterodimer is tethered to the DNA by virtue of the Tec1-TCS binding interaction while in the latter configuration both Ste12 and Tec1 contact the DNA in a cooperative binding interaction (4, 13, 40) . In both cases Tec1 is conferring the DNA binding specificity while Ste12 provides the activation function for transcription (4, 13) . 
A C C E P T E D
on
Pheromone induced Ste12 degradation
Though the promoter configurations for Ste12 acting at mating and filamentation specific genes are distinct, it remains unclear how the separate transcriptional programs are regulated.
Achieving specificity in this system is complicated because the same regulators of Ste12 activity function for both programs. In the absence of signal, the transcriptional inhibitors Dig1 and Dig2 (Rst1/2) suppress the ability of Ste12 to activate transcription of mating genes while Dig1 alone suppresses activation at filamentation genes (3, 13, 15, 51, 65) . Mitogen activated protein kinase (MAPK) cascades with shared components mediate the signal dependent events that reverse Dig1/2 suppression and promote Ste12 activation (Fig. 1 ).
Ste12 activation for mating differentiation occurs when pheromone (a-or α-factor) secreted from one cell type binds to its G-protein coupled receptor (Ste3 or Ste2, respectively) on the opposite cell type. The activated G-protein stimulates a MAPK cascade comprised of the p21 (Cdc42)-associated kinase-Ste20, MAPK kinase kinase (MAPKKK)-Ste11, MAPK kinase (MAPKK)-Ste7, and two MAPKs, Fus3 and Kss1 ( Fig. 1 ) (see reference (19) for review). The scaffold-Ste5 organizes the core enzymes of this pathway by directly binding to Ste11, Ste7, and Fus3 (19) . Kss1 does not bind directly to Ste5 but is part of this complex through binding to Ste7 (7) .
Starvation induced filamentous growth involves integration of at least two signaling pathways (Fig. 1) . The glucose-sensing G-protein coupled receptor-Gpr1 stimulates one branch of the network that leads to activation of protein kinase A (PKA) and its target transcriptional regulators (52) . The Sho1 and Msb2 transmembrane proteins are upstream regulators of the MAPK-mediated branch of the network (17, 18, 50) . With the exception of Fus3, the same kinases used in the mating pathway comprise the filamentous growth MAPK activation module Pheromone induced Ste12 degradation (52) . Another notable difference is that activation of the MAPK cascade enzymes during starvation induced filamentous growth takes place independently of the scaffold-Ste5 (58) .
A C C E P T E D
Although Fus3 and Kss1 are closely related MAPKs they have somewhat specialized roles for mating differentiation and filamentous growth. In most laboratory strains mating differentiation is more dependent on Fus3 than Kss1 (24) . This more important role is now attributed to phospho-proteins essential for mating that are preferential substrates for Fus3 rather than Kss1 (7, 29) . Two examples of Fus3 specific targets are Far1, which is a bi-functional protein required for pheromone induced cell-cycle arrest and morphogenesis, and Sst2, which is a regulator of G-protein signaling (RGS) (7, 30) . By contrast, active Kss1 is the principal MAPK required for promoting filamentous growth, and active Fus3 antagonizes this response (2, 3, 16, 42, 58, 61) .
Genome wide analysis of Ste12 promoter occupancy has suggested a mechanism for the negative role that Fus3 has on the filamentation transcriptional program. This analysis revealed that Fus3 activity inhibits Ste12 binding to genes assumed to be important for filamentation.
Further, this inhibitory function is dependent on the Ste12 binding partner, Tec1 (74) . More recently it was shown that Fus3 specifies Ste12 promoter selectivity under pheromone induced conditions through phosphorylation of Tec1 and its subsequent SCF-catalyzed ubiquitination and degradation (1, 9, 12, 70) .
There are also temporal considerations that distinguish the filamentation and mating programs. Mating differentiation involves transient MAPK activation and requires arrest in the G1 phase of the cell cycle. Pheromone imposes G1 arrest by inducing the expression and activation of Far1, which functions as a Cdc28-Cln inhibitor (11, 53) . The transience of the mating response is evident in that cells reenter the cell cycle to resume vegetative growth
on January 19, 2018 by guest http://ec.asm.org/ Downloaded from whether or not mating occurs. Accordingly, the responsiveness of cells to persistent pheromone induction diminishes with time. This phenomenon occurs through several desensitization or adaptation mechanisms that impinge on different components of the signaling pathway (see (19) for review). Rapid attenuation of MAPK activation is reinforced through pheromone dependent mechanisms that directly affect the MAPK module enzymes themselves. Examples include dephosphorylation of the MAPKs by phosphatases, one of which is induced by pheromone, ubiquitin-dependent turnover of Ste11 that apparently depletes activated Ste11 from the Ste5-organized MAPK activation complex, and ubiquitination of Ste7 upon prolonged pheromone exposure (20, 27, (67) (68) (69) 75) . By contrast, filamentous growth requires persistent signaling through successive rounds of cell division. Therefore, it appears that the cell-cycle arrest and transient signaling, which are characteristic of mating differentiation, are incompatible with continued growth in a filamentous form. The more transient requirements associated with mating differentiation compared with filamentous growth led us to speculate that regulation of Ste12 turnover might contribute to attenuation of the mating-specific transcription program and restrict activation of the filamentation program. Studies in this paper are designed to test this hypothesis.
Materials and Methods
Recombinant DNA procedures and plasmid constructions. Bacterial transformations, bacterial DNA preparation, plasmid constructions, and DNA restriction enzyme digestions were performed by standard methods (62 and 324 (5'-CGCTGCAGATCTTCTGGCCCGCA) with pNC489 as template DNA.
pNC777 carries a C-terminal fusion of GFP to STE12 with a kan r selectable marker for integration at the STE12 genomic locus. It was constructed using the same strategy as described for pNC739 except that a 703 bp fragment encompassing the GFP coding region was used for the in-frame fusion at the SacI site of STE12. This GFP encoding fragment was generated by PCR Pheromone induced Ste12 degradation conjugated to alkaline phosphatase (AP) (Promega) at 0.17 µg/ml. Detection of Tub1 used a rat anti-tubulin monoclonal antibody at 0.17 µg/ml followed by rabbit anti-rat IgG antibody conjugated to AP (Sigma) at a dilution of 1:10,000. Visualization of HRP-conjugate complexes and AP-conjugate complexes was accomplished by using the Amersham ECL Western blotting system and Promega Protoblot immuno blot system, respectively.
A C C E P T E D
The signal intensity for anti-Ste12, anti-GST (Ste12-GST) and anti-tubulin reacting proteins were quantified from scanned blots using NIH Image J software. The normalized amount of Ste12-GST or Ste12 in each sample was calculated from the ratio of the Ste12-GST or Ste12 signal to that of the corresponding internal reference signal for that sample. The signal from a non-specific anti-Ste12 cross reacting protein was used as an internal reference for the samples on the anti-Ste12 blots. The signal from anti-tubulin was used as the internal reference for the samples on the anti-GST blots. Relative amounts of Ste12 or Ste12-GST in samples at different times after addition of pheromone are the normalized ratio relative to the normalized ratio for the sample at t=0 on the same blot.
The amount of extract used for quantification of Ste12 and Ste12-GST in these experiments was empirically determined to be in the linear range for detection by these methods.
The same strategy for this determination was used for Ste12 and Ste12-GST but is described only for the latter. Calibration standards were made by mixing decreasing amounts of extract from an uninduced STE12-GST strain with increasing amounts of extract from a ste12∆ strain Samples of the metal affinity purified proteins and total extract were fractionated by SDS PAGE using 6.5% gels and transferred to nitrocellulose membranes (BioRad). Detection of 18myc-Ste12 was carried out using mouse Myc1-9E10 monoclonal antibodies (28) Mating pheromone (α-factor, 3 µM) was added to the remaining portion of each culture and samples (20 ml) were removed for analysis at the indicated times. Cells in each aliquot were harvested by centrifugation and total RNA was prepared by the glass bead lysis method (8) . RNA was glyoxal denatured, fractionated on 1% agarose gels in 10 mM phosphate buffer (pH 7.0), and transferred to nylon membranes (Immobilon-Ny+, Millipore, Bedford MA).
Radiolabed probes for hybridization to the mRNA blots were prepared from purified DNA fragments by random-primed synthesis reactions (Boehringer Mannheim, Indianapolis, IN). The FUS1 mRNA probe was synthesized using the 1.5 kB EcoRI fragment of pSL589 as template DNA (from G. Sprague, Jr, University of Oregon, Eugene). The ACT1 mRNA probe was synthesized using the 2.2 kB EcoRI-HindIII fragment of pYACT1 as template DNA (49) .
Blots were first hybridized to the FUS1 radio-labeled probe, stripped and then hybridized to the ACT1 radio-labeled probe to provide an internal loading reference. Conditions for hybridization to radio-labeled probes, washing, and stripping blots were as described by Cameron et al. (10) .
The hybridization signals were detected by direct scanning with a Molecular Dynamics STORM 860 PhosphorImager (Amersham, Piscataway, NJ) and quantified using the Molecular Dynamics 
RESULTS
The amount of Ste12 protein declines following pheromone induction. We examined the amount of Ste12 protein present in haploid cells before and at different times during exposure to pheromone. Whole cell protein extracts were prepared from culture samples, fractionated by SDS-PAGE, and transferred to nitrocellulose for detection of Ste12 protein using anti-Ste12 antibodies ( Fig. 2A) . This analysis revealed that the amount of Ste12 protein begins to decline after 60 min of exposure to mating pheromone. This decline occurs even though amounts and polysome profiles of STE12 mRNA are sustained under these conditions (39) .
The suitability of using a tagged version of Ste12 for further studies was investigated because we had limited amounts of anti-Ste12 antibodies. A strain that expresses a Ste12 fusion to glutathione S-transferase (Ste12-GST) from the endogenous locus was constructed. The Ste12-GST fusion functions identically to Ste12 in qualitative assays for mating and quantitative assays for pheromone induced reporter gene expression, G1-arrest, and mating projection formation (data not shown). Before and at indicated times following pheromone treatment, whole cell protein extracts were prepared from culture samples, fractionated by SDS-PAGE, and transferred to nitrocellulose filters for detection of Ste12-GST using anti-GST antibodies ( Fig   2B) . The kinetics and extent of the decrease in Ste12 and Ste12-GST are identical, within experimental error, throughout the pheromone induction time course (Fig. 2C) . We therefore used the Ste12-GST fusion for subsequent studies to further investigate regulation of Ste12 protein stability.
A C C E P T E D
Pheromone induction promotes ubiquitin-dependent degradation of Ste12. To test whether accelerated protein degradation contributes to the decline in the amount of Ste12 protein, we compared its half-life under uninduced and pheromone induced conditions. For these determinations the amount of Ste12-GST before and at different times after inhibition of protein synthesis was quantified by analysis of protein extracts on immune blots. A culture of a strain expressing Ste12-GST was grown to early log phase. One sample was removed immediately for extract preparation (t =0) and the remaining culture was divided in two. One portion was treated with pheromone and the other was the uninduced reference. Cycloheximide was immediately added to both cultures to block new protein synthesis. Amounts of Ste12-GST and Tub1 in the sample extracts were detected using anti-GST and anti-tubulin antibodies, respectively. Whereas pre-existing Ste12-GST and Tub1 from uninduced cultures have a similar persistence after protein synthesis inhibition, Ste12-GST is depleted much more rapidly than Tub1 under pheromone induced conditions (compare upper and lower panels in Fig. 3A) . The half-lives under uninduced and pheromone induced conditions were determined from least
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To test if Ste12 turnover involves its ubiquitination and degradation by the proteasome, we exploited an affinity purification method for isolating His-tagged ubiquitin conjugated proteins and strains (erg6∆) that are sensitive to the proteasome inhibitor MG132 (36, 48) .
These strains carried either a high copy plasmid that expresses poly-His tagged ubiquitin (8His-Ubi) from the GAL1 promoter or vector for a control. For immune detection of Ste12, the strains also expressed an N-terminal poly-myc tagged version of Ste12 (18-myc-Ste12). 18-myc-Ste12 was used because the multiple epitopes enhance detection compared with Ste12-GST.
A STE12 (untagged) erg6∆ strain expressing 8His-Ubi was included in the analysis for reference.
Cultures were treated with MG132 for 90 min prior to pheromone induction to inhibit proteasome function and then divided into two portions. One portion was treated with pheromone for 60 min and the other was maintained as an uninduced reference for the same interval. Extracts from each culture were prepared for affinity purification. Samples of the extracts and purified proteins were fractionated by SDS-PAGE and analyzed on immune blots.
The 150 kDal species that is detected on the anti-myc blot of the whole cell lysates specifically identifies 18-myc-Ste12 ( Pheromone induced Ste12 degradation ubiquitin blot (Fig. 4, lanes 11, 14-15 ). The affinity purified proteins visualized on the anti-myc blot with a size > 150 kDa identify 18-myc-Ste12 conjugated to one or more poly-ubiquitin chains of varying length (Fig. 4, lane 10) . These species are present in samples of the pheromone treated culture co-expressing 8His-Ubi and 18-myc-Ste12 but not from samples of the corresponding uninduced culture or from those of the vector and untagged Ste12 reference cultures (Fig. 4, lanes 6-9) . The minor 150 kDal species present in the control samples is attributed to anti-myc cross reacting material that is enriched by nonspecific binding to the resin (Fig. 4, lanes 6-8) . This analysis shows that pheromone induction promotes ubiquitination of Ste12.
Depletion of Ste12 protein following pheromone induction is dependent on Fus3 and
Far1. Protein phosphorylation often precedes and targets proteins for subsequent ubiquitination. Ste12 is a known substrate for both Fus3 and Kss1, which are the MAPK family members that are activated in response to mating pheromone (5, 35, 64 ). Therefore, we tested whether Ste12 protein degradation is dependent on either Fus3 or Kss1. Amounts of Ste12-GST during pheromone induction were monitored as before in strains expressing both (FUS3 KSS1), or only one of the MAPKs (fus3∆ KSS1 and FUS3 kss1∆) (Fig. 5A-C Fus3 and Kss1 differentially modify a subset of Ste12 residues (5). This situation is consistent with the possibility that those sites phosphorylated by Fus3, but not Kss1, comprise a phospho-degron signal critical for Ste12 ubiquitination. An alternative, but not mutually exclusive, possibility is that a response uniquely mediated by Fus3 leads to Ste12 degradation. Assessment of a potential Fus3-generated phospho-degron signal in Ste12 would be impractical due to the large number of Fus3-phosphorylated residues (5). For this reason we elected to pursue a hypothesis consistent with the latter possibility. Far1 is a substrate for Fus3, but not Kss1, and Far1 phosphorylation by Fus3 is essential for the inhibition of Cdc28-Cln that results in G1 arrest (11, 53) . Therefore, Fus3 may promote Ste12 degradation indirectly through its regulation of Far1. To test this hypothesis, amounts of Ste12-GST from uninduced and pheromone induced cultures were monitored as before in FAR1 and far1∆ strains (Fig. 6 ). The comparison shows no significant depletion of Ste12 during pheromone induction in the strain lacking Far1 (Fig. 6C ). This outcome is consistent either with Far1 itself, or the G1 arrest imposed by Far1, having some role in Ste12 depletion during pheromone induction.
A C C E P T E D
If the sole requirement for Fus3 and Far1 in Ste12 degradation involves their role in imposing G1 arrest, establishment of G1 arrest by another mechanism might be sufficient to cause a decrease in the amounts of Ste12. To test this possibility, we exploited a temperature sensitive allele of CDC28 (cdc28-13) that causes G1 arrest at the non-permissive temperature.
Cultures of cdc28-13 and CDC28 reference strains were shifted to the non-permissive temperature (37 o C) and maintained at this temperature either in the presence or absence of pheromone. Ste12-GST levels were monitored as before at different times after the temperature shift. The amount of Ste12-GST decreased to the same extent during the pheromone induction time course in the cdc28-13 strain as in the reference CDC28 strain (Fig. 7) . This result shows that Cdc28 function is not essential for pheromone induced Ste12 degradation. In the uninduced cultures of the CDC28 reference strain, which do not arrest in G1, amounts of Ste12-GST gradually decreased at 37 o C ( Fig. 7A and C) . By contrast, Ste12-GST over accumulates the cdc28-13 strain, which arrests in G1 independently of pheromone induction ( Fig. 7B and D) . To test this prediction we compared the amounts of FUS1 mRNA in wild-type, fus3∆, and far1∆ strains at different times during pheromone induction. FUS1 is a prototypical mating-specific gene with a promoter configuration that is dependent on Ste12 homo-multimers for activation (21, 47, 66) . Northern blots of total RNA isolated from culture samples were first hybridized to a probe for detection of FUS1 and then stripped and hybridized to a probe for detection of ACT1 mRNA as an internal reference (Fig. 8A-C) . The amount of FUS1 mRNA at each time point was determined as the ratio of the FUS1 to ACT1 signal intensity. The relative amounts are expressed as a percentage of the maximum value for each trial. The averages for three independent experiments are shown (Fig. 8D) .
Pheromone rapidly causes a 5 to 10-fold induction of FUS1 mRNA. The abundance of the mRNA then declines 30-60 min after pheromone addition in the wild-type background but persists for a longer time in the fus3∆ and far1∆ backgrounds (Fig. 8A-D) . These results strictly mRNA. However, the correlation between FUS1 mRNA levels and Ste12 protein abundance in these strains is consistent with the interpretation that depletion of Ste12 contributes to attenuation of the mating-specific transcriptional response (Figs. 5, 6 , and 8).
Pheromone induced haploid invasion. Non-saturating doses of pheromone have been reported to cause haploid cells to invade an agar substrate, to elongate, and to a switch from axial to bipolar budding pattern (22, 25, 57) . These characteristics are associated with filamentous growth but not mating differentiation. Agar invasion is readily observed in standard halo assays for pheromone induced growth arrest. In wild-type cells, growth inhibition occurs in a zone (halo) where pheromone diffusion from a point source generates concentrations that are sufficient to induce G1 arrest. A ring of cells at the periphery of this halo invade the agar substrate and can be visualized after gently washing surface cells from the plate (Fig. 9 ) (57).
Pheromone induced invasion is dependent on Ste12 and other components of the pheromone induced pathway such as Ste2 (57). Roberts et al. (57) also reported that a far1∆ strain, which fails or only transiently arrests in G1, forms a uniform halo of cells that are invasive. We see this same phenomenon for a fus3∆ strain (Fig. 9 ).
The zone of invasion in the far1∆ and fus3∆ lawns is apparent throughout the pheromone diffusion gradient. Thus, the invasive response occurs even in the presence of saturating amounts of pheromone. The ability of these deletion strains to invade at saturating pheromone can be attributed to their ability to continue through successive rounds of cell division necessary for filamentous growth. Because pheromone induced agar invasion requires Ste12, we predict that its stabilization contributes to the ability of these strains to follow this developmental program at saturating pheromone concentrations. (Fig. 10B) . Notably, no cells with a filamentous morphology develop in the presence of saturating pheromone, even after 5 hr on pheromone containing medium (data not shown). The signal intensity for Ste12-GFP in individual cells was measured from the fluorescence images of the corresponding fields and is reported as the average for the population scored at each time interval (Fig. 10B ). Ste12-GFP gives a strong nuclear signal in all cells of the initial image (t=0) but the signal declines to ~30% of that amount by 3 hr on pheromone containing medium. The percentage decrease in signal intensity for Ste12-GFP is comparable to the estimates obtained by western blot analysis for amounts of Ste12-GST protein.
The imaging analysis further shows that the timing of the decline in Ste12 abundance occurs close to the time when morphological evidence of differentiation is already apparent. Therefore, this analysis confirms that Ste12 protein levels decline late in the mating differentiation response.
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In parallel experiments, wild-type cells were spread on a slide with agar containing a non-saturating concentration of mating pheromone (30 nM α-factor) and fus3∆ cells were spread on agar containing saturating amounts (3 µM α-factor). Differential interference contrast (DIC) and fluorescence images of different fields were taken immediately (t=0), at 5 hr, and at 7 hr after preparing slides (Figs. 10C and E) . Wild-type and fus3∆ cells incubated at the respective concentrations of pheromone fail to form shmoos by 3 hr (data not shown). Only a small percentage of cells from either background have a shmoo-like morphology even at later times ( Fig. 10C-F) . By 5 hr, cells in both populations begin to exhibit a filamentous morphology (F), which we define as cells with a length to width ratio >1.6. After 7 hr, the percentage of cells meeting this criterion increase, with many of filamentous cells showing greater elongation than was evident at earlier times ( Fig. 10C-F) . By 7 hr some wild-type cells with the filamentous morphology show evidence of bipolar budding (Fig. 10C, 7 hr) and fus3∆ cells with filamentous morphology show evidence of both bipolar and unipolar budding (Fig. 10E, 7 hr) . Thus, similar to what was reported by Erdman and Snyder (25), we also observe that the budding pattern of the elongated cells departs from the axial pattern characteristic of haploid vegetative yeast.
In contrast to wild-type cells exposed to saturating concentrations of pheromone, the Ste12-GFP signal intensity for wild-type cells at low pheromone concentration increases 3-fold rather than declines over the imaging time course (Fig. 10C and D) . Similarly, the Ste12-GFP signal intensity for fus3∆ cells at saturating concentrations of pheromone increases 3-fold over the imaging time course (Fig. 10E and F) . 
DISCUSSION.
Ubiquitin-mediated protein turnover defines the pheromone induced signal profile.
Mounting evidence shows that ubiquitin-mediated protein turnover plays a pivotal role in determining the amplitude and duration of MAPK activation in the mating response pathway.
Pheromone induction promotes mono-ubiquitination of the Ste2 and Ste3 receptors. This modification leads to receptor endocytosis and sorting to the vacuole for degradation.
Destruction of the receptors plays a determining role in attenuation at the level of signal perception (33, 59) . Amounts of Gpa1-Gα and Sst2, its GTPase regulator, are influenced by poly-ubiquitination that targets these components to the N-end rule degradation pathway (31, 43, 72) . More recently it has been learned that Gpa1-Gα also undergoes mono-ubiquitination that targets it to the vacuole (31, 43, 72) . Destruction of Sst2 and Gpa1 frees the Gβγ dimer to stimulate its downstream effectors and consequently makes cells more responsive to pheromone.
A ubiquitin-dependent mechanism underlies pheromone induced accelerated turnover of the MAPKKK-Ste11 (27) . The MAPKK-Ste7 undergoes Skip-cullin-F-box (SCF) dependent polyubiquitination and turnover in response to pheromone (69, 71) . Destruction of the Ste11 and Ste7 kinases counteracts the effects of destruction of Gα and Sst2 and contributes to attenuation of signal output (27, 69) .
MAPK targets required for responses to pheromone are also regulated by ubiquitinmediated protein turnover. Early studies revealed that Far1 destruction by the G1-S ubiquitination system, which involves SCF catalyzed poly-ubiquitination of target proteins and
A C C E P T E D
on January 19, 2018 by guest http://ec.asm.org/ Downloaded from their proteasomal degradation, contributes to recovery from pheromone induced cell-cycle arrest (32) . Our work shows that the Ste12 transcription factor also is depleted in late stages of pheromone induction by ubiquitin-mediated proteasomal degradation (Figs. 2-4 ).
Pheromone induced Ste12 depletion is dependent on Fus3 and Far1 ( Fig. 6 and 7) . 
